The paper is focused on a comprehensive and systematic gas dynamic analysis of the high-pressure phase (charging zone) of pressure wave superchargers. The procedure is documented for a four-port reverse flow (RF) wave rotor, the typical configuration for engine wave superchargers, also named Comprex. A one-dimensional analytical gas dynamic model is employed to calculate flow characteristics inside the channels. Existing normal shock wave equations along with isentropic relations for expansion waves are used for calculations. Useful design parameters such as cycle timing and port widths are determined by formulating traveling times of the waves inside the channels. The gas dynamic study of the internal wave process demonstrates its fundamental dependence on the externally imposed compression ratio of the pressure wave supercharger.
INTRODUCTION
Wave rotors are among the most famous wave devices used to improve the performance of vehicle engines and other propulsion systems. Wave rotors do not use mechanical components such as pistons or vaned impellers to compress the fluid. Instead, the pressure rise is obtained by generating compression waves in appropriate geometries. It has been proved that for the same inlet and outlet Mach numbers the pressure gain in time-dependent flow devices can be much greater than in steady flow devices [1] . By utilizing the highpressure gas leaving the combustion chamber, compression waves transfer its energy directly to the air entering the combustion chamber. Wave rotors are designed in a variety of configurations [2] . A schematic of an IC engine equipped with a four-port RF wave rotor driven by the engine shaft is shown in Fig. 1 . The essential feature of these devices is an array of several channels arranged uniformly around the axis of a cylindrical rotor. The assembly rotates between two end plates each of which has a few ports or manifolds that control the fluid flow through the channels. Through rotation, the channel ends are periodically exposed to the steady state ports located on the end plates initiating compression and expansion waves within the passages. Therefore, unlike a steady-flow turbomachine, which either compresses or expands the gas, both compression and expansion are accomplished within a single component. Another advantage of wave rotors is their self-cooling capabilities. Wave rotors are naturally cooled by Figure 1 : Schematic of an IC engine equipped with a wave rotor driven by the engine shaft the fresh air ingested by the rotor. Therefore, the rotor channels pass through cool air and hot combustion gas flow in each rotor revolution. As the result, the rotor material temperature is always maintained between the temperature of the cool air, which is being compressed and the hot gas, which is being expanded. Beside the advantage of the self-cooling, there are several other important features. For example, rotational speed is low relative to turbomachines, which results in less material stress. Also, the geometry is simpler compared to turbomachine devices and is inexpensive to manufacture for mass production. Furthermore, the wave supercharger virtually shows no inertia effect when the engine speed changes.
The idea of using a wave rotor topping cycle has been first proposed by Claude Seippel of Brown Boveri Company (BBC) in Switzerland in 1942 [3, 4] . The first wave rotor invented by him was not used commercially, mainly because of its crude and inefficient design. Seippel's work at BBC also introduced the notion of a wave device as a topping stage for a locomotive gas turbine engine. BBC is now Asea Brown Boveri (ABB). ABB's pressure wave supercharger termed as the Comprex® is used commercially for passenger car and heavy diesel engines. The first wide application of the Comprex® in passenger car is in the Mazda 626 Capella since 1987 [5, 6] . In the U.S. also General Power Corporation (GPC) obtained its first contract in 1974 from Ford Motor Company to develop a 175 hp wave engine for an automobile like the Torino [1] . Caterpillar has recently developed new products with the Comprex®, improving engine performance and reducing emissions [7] .
Application of wave rotors in aircraft propulsion systems has also been studied extensively [8, 9] . Many developments in wave rotor technology were reported in the 1985 ONR/NAVAIR Wave Rotor Research and Technology Workshop [9] . An excellent overview covering the work until year 2000 is given by Welch [10] .
The purpose of the present work is to introduce a comprehensive and systematic gas dynamic design procedure regarding the high-pressure phase of a four-port RF wave rotor used as pressure wave supercharger for vehicle engines. While numerical and experimental analyses of enhancing vehicle engines by pressure wave superchargers have been performed extensively [11] [12] [13] [14] [15] [16] [17] [18] , less detailed and complete analytical design method of the process itself has been documented yet. For low wave rotor compression ratios, the idea of using weak shock waves (isentropic) relations instead of existing normal shock wave equations is already implemented in order to simplify the gas dynamic calculations [19] . For beneficial high values of wave rotor compression ratios, however, the assumption of weak shock waves inside channels is not precise and jump relations across the shock waves are necessary for the calculations [20] [21] [22] [23] . Gyarmathy emphasizes the importance of using jump relations across the shock waves when describing the operation of a conventional Comprex [20] , but he performs no calculation. Weber et al. [22, 23] describe a design procedure for an advanced Comprex, which is different from the conventional Comprex as Keller considers [21] . However, Keller does not consider tuning of the secondary shock wave as the current work does. Therefore, Keller's approach obtains only small relative gas penetration length. For a triple tuned reverse flow wave rotor, the here described procedure calculates wave speeds, location of air/gas interface, and port widths in the high-pressure phase. Other useful design parameters including channel height and rotor size and speed can be subsequently estimated. 
NOMENCLATURE

WAVE-ROTOR-ENHANCED CYCLES
Two basic wave rotor cycle designs termed as four-port through-flow (TF) and four-port reverse-flow (RF) cycles can be considered. They may provide identical topping and overall performance enhancement, but they differ substantially in their internal process.
The four-port TF wave rotor is often used to top gas turbine engine as illustrated in Fig. 2 . This is because of its better inherent self-cooling feature, which is essential for the high gas temperatures in gas turbine applications. In the TF configuration, for both gas and air, the inlet ports are located on one side of the rotor and the outlet ports are located on the other side of the rotor. Thus, the hot gas and in particular the relatively cold air route through the full length of the rotor (from left to right in Fig. 2) , which explains the self-cooling feature. However detailed fluid flow investigations suggest that approximately 30 to 50 percent of burned gas is recirculated to the combustion chamber in TF configuration [24] .
The internal process can briefly be described as follows. In the wave rotor channels, the hot gas leaving the combustion chamber compresses the air coming out of the compressor. After the additional compression of the air in the wave rotor, it is discharged into the combustion chamber. Then the preexpanded burned gas is scavenged toward the turbine and the channels are re-connected to the compressor outlet, allowing fresh pre-compressed air to flow into the wave rotor channels. The pre-expanded gas entering the turbine from the wave rotor can have the same temperature as the gas would have in a conventional arrangement without the wave rotor. However, the gas pressure is higher than the compressor exit pressure by the pressure gain obtained in the wave rotor. This is in contrast to the untopped engine, where the turbine inlet pressure is lower than the compressor outlet pressure due to the pressure loss in the combustion chamber.
The operation of a four-port RF wave rotor is very similar to that of a TF wave rotor. However, the fresh air enters and exits at the same end of the rotor (air casing), as shown in the Fig. 3 , while the burned gas enters and exits the rotor at the other end (gas casing). Hence, the RF cycle does not inherently have such a well self-cooled rotor. The cold air never reaches the other side of the rotor, which is also true for the hot gas. Thus, the air side of the rotor is relatively cool, while the gas side of the rotor is relatively hot. To achieve a better selfcooled RF design, a two cycle per revolution design of the RF configuration must be constructed, which orients the cycle alternately right and left on the rotor [25] . This approach introduces symmetry and assures that both sides of the rotor are washed by the relatively cold fresh air. Unfortunately, it also poses severe ducting challenges. However, for IC engines and small gas turbines, gas temperatures are lower. Thus the RF approach seems to be the logical choice.
The advantage of the RF configuration is that it minimizes the carryover of exhaust gas to the combustion chamber, meaning only fresh air is discharged to the combustion chamber. This is an important feature when supercharging IC engines.
In an IC engine a four-port RF wave rotor is simply placed before the combustion chamber, as shown schematically in Fig.  4 . Comparison of Fig. 4 and 3 reveals that results of gas dynamic investigations inside the channels obtained for RF wave rotors supercharging an IC engine can also be utilized for RF wave rotors topping a gas turbine and vice versa.
It is also claimed that the RF cycle provides better separation of air and gas in the rotor channels [1] . Due to this separation of air and gas regions in the channels, analytical analyses of fluid flow inside wave rotor channels is easier. Here the analytical analysis is restricted to RF cycles.
In the following, one-dimensional analytical gas dynamic models are used to analyze the high-pressure phase of a fourport RF wave rotor. The methodology is similar to Keller's [21] . Two cases are considered: charging zone with and without a secondary shock wave. The first is simpler but gives less favorite results. The second case is more comprehensive and outlines a five step procedure for a triple tuned RF wave rotor. The following assumptions are made for the analysis. The flow itself in the rotor is considered to be frictionless, adiabatic, and one-dimensional. However, a wave rotor efficiency is defined to account for friction inside the channels. The gases are treated as ideal gases. Expansion waves are represented as thin waves. Furthermore, it is assumed that pressure equalization occurs faster than mixing. Thus, the thickness of the mixing layer between the burned gas and the fresh air inside the channels is negligible small and mixing between the gases is ignored. The fuel mass addition is neglected.
CHARGING ZONE WITHOUT SECONDARY SHOCK WAVE
As a first step, the charging zone is considered in the absence of the secondary shock wave. The wave diagram of the charging zone is shown in Fig. 5 with the channels moving in upward direction. The wave diagram describes the wave processes and cycle in the rotor by tracing the trajectories of the waves and gas interfaces. The timing of the cycle (ports opening and closing) can be determined from it.
The burned gas coming from the combustion chamber enters the rotor through the inlet port 3. The air, compressed by the hot gas, leaves the channels through the outlet port 2. The ducts are set at the correct angle, so that in the rotor reference frame the flow can enter and leave the rotor aligned with its axis. The shock wave trajectory is shown by a dashed line. Expansion waves (fans) are depicted by thin solid lines. The trajectory of the air/gas interface is indicated by a dotted line.
The process begins in the bottom part of Fig. 5 , where the channel is closed at both ends and contains fresh air only (region 1). By further rotation, the channel is exposed to the exhaust gas arriving from the combustion chamber. The hot burned gas begins to penetrate into the channel (region 3). Since the pressure of it is higher than the pressure of the fresh air, a shock wave is triggered from the lower corner of the inlet duct. It runs through the channel and causes an abrupt rise of local pressure inside the channel. The shock wave speed is higher than the local speed of sound. Within the relevant design space the flow speeds are everywhere subsonic. Therefore, the air/gas interface follows the shock wave with an induced velocity less than the speed of sound. Behind the shock wave (region 2′), the compressed air has the same local pressure and speed as the inlet exhaust gas ( p 2′ = p 3 and u 2′ = u 3 ). As the shock wave reaches the end of the channel, the outlet port is opened and the compressed air is then pushed through the outlet port 2 into the duct leading to the combustion chamber. This is usually called the tuning condition for the primary shock wave [20, 21, 26, 27] . In the following it is referred to as tuning condition 1 (TC 1). At this moment, the gas and the compressed air column in the channel have the same local pressure and move uniformly with the same induced velocity toward the outlet port. When the air/gas interface approaches a timed location, typically around the middle of the channel, the flow is stopped by closing the inlet port. At this moment, an expansion wave originates from the upper corner of the inlet duct and propagates toward the other end of the channel. Wave propagation speed in reference to the channel wall equals gas speed plus local speed of sound. Since the expansion wave induces a flow velocity equal but opposite to that of the gas flow, the gas flow behind this expansion wave is stopped and its local pressure is decreased. Both local and total pressure behind the expansion wave are still considerably higher than the pressure of the fresh air in the beginning of the process.
Since the expansion wave is traveling faster than the air/gas interface, it overtakes the air/gas interface before the latter reaches the end of the channel. In Fig. 5 , L gas denotes the location where the first disturbance of the expansion wave catches the air/gas interface. W 3 and W 2′ are the inlet and outlet port width, respectively. When the expansion wave reaches to the end of the channel, the entire flow inside the channel is halted, the outlet port is closed [20, 21, 26, 27] . Here this is called tuning condition 3 (TC 3). Tuning condition 2 (TC 2) will be introduced in the next section. At this moment, the trapped flow within the channel consists of a large part of the exhaust gas and a plug of compressed air preventing the hot gas to contact the end wall. It is seen that during the high-pressure process the exhaust gas penetration into the outlet flow is completely avoided. For detailed analysis, the following dimensionless quantities called flow Mach number, exit Mach number, primary shock Mach number, and local temperature ratio across the primary shock wave are defined as:
where w S denotes the speed of the primary shock wave, and a 1 and a 2′ represents the speed of sound respectively in region 1
(fresh air) and in region 2′, which is the compressed air region behind the primary shock wave. Using the normal shock wave equations across the primary shock wave and the perfect gas relation, the above dimensionless quantities can be calculated as function of at the local pressure ratio across the primary shock wave Π S = p 2′ /p 1 :
( ) Figure 6 demonstrates the variation of above quantities versus Π S , for a car engine, where air enters the wave rotor at 101 kPa and 300˚ K. Constant values for specific heat coefficients (Cp air = 1.005 kJ/kgK, Cp gas = 1.148 kJ/kgK) and the ratio of specific heats (γ air = 1.4 , γ gas = 1.33) are considered. All the parameters are increasing functions of the local pressure ratio across the primary shock wave. The chart proofs that the flow inside the channels is always subsonic for the typical range of vehicle diesel engine applications with Π S < 3.5 . 
and the local temperature ratio across the air/gas interface: 
The value of M 3 can be obtained by: 
where the value of T t3 is the total temperature of the burned gas entering the channels. The velocity of the flow in the inlet duct
, where V stands for the radially averaged rotor speed. It has been justified that the rotor speed is small compared to the flow sound speeds, i.e. V<<a 3 , so V has been omitted in the right side of equation 8 [21] . Using equation 7, equation 8 can be rewritten: Since the rotor has zero net work output, T t3 can be calculated by equating the wave rotor compression work to the wave rotor expansion work: 
where η WC is the compression efficiency of the wave rotor, and PR W = p t2 /p t1 is the wave rotor compression ratio, representing the maximum compression ratio within the rotor. According to previous wave rotor investigations [28] [29] [30] , the wave rotor compression efficiency is assumed with η WC = 0.83 . Wave rotors used in vehicle engines can operate with pressure ratios of up to PR W = 2.8 although they are generally restricted to around PR W = 2 , which makes them particularly suitable for road vehicle diesel engine applications [31] . Values of PR W less than 1.5 may lead to a poor compression processes inside the rotor. Thus, wave rotor pressure ratios from PR W =1.5 to 2 appear to be conceivable for car engine applications. Later plots are shown for various wave rotor pressure ratios, indicating its effect on the results. T t4 is the total temperature of the exhaust gas discharged from the wave rotor to the muffler. It is assumed to be a known design value. The upper limit of T t4 may be fixed by material properties and the lower limit may be determined by considerations to prevent condensation of the exhaust gas in the muffler. The wave rotor compression ratio PR W can be expressed by the internal pressure balance, where p t1 = p 1 is valid for region 1 and V is neglected again like in equation 8. For any specific value of PR W , there is a unique value of Π S and it can be obtained from the following equality: 
For any given value of PR W , there is a unique value of Π S and it can be obtained by simultaneously solving equations 9-11. The external pressure balance gives equation 12. It determines the pressure drop in the combustion chamber Π comb that the wave rotor inherently compensates for. It is a value less than unity. 
The obtained results can further be used to calculate the gas penetration length L gas . It is an important design parameter as a function of PR W that will be used to determine rotor port widths. In addition, the two following equalities are needed to find a closed solution for the dimensionless penetration length L gas /L: 
Equation 13 is the result of equating the time required for the air/gas interface originated from the lower corner of the inlet port to be overtaken by the expansion wave (L gas / u 2′ ) by the opening time of the inlet port (W 3 /V) plus the time required for the expansion wave to catch the air/gas interface (L gas / u 2′ +a 3 ). Using tuning conditions TC 1 and TC 3 results in equation 14 . By combining these two equations, L gas /L can be obtained as: (17) where M , M S , θ 2′ −1 , θ 3−2′ , and M 3 are function of Π S or PR W and calculated by equations 2, 4, 5, 7, and 11 respectively. Thus, equation 17 gives L gas /L as a function of PR W or Π S . This is illustrated in Fig. 8 for the case described before. The extended range of PR W shows the variation of L gas /L also for higher pressure ratios. L gas /L increases with increasing PR W (or Π S ). Similar to Keller [21] the results indicate that for a wave rotor pressure ratio PR W <2 the gas penetration length L gas /L is very small, less than 0.2 . Hence a relative small amount of air compared to the wave rotor length is delivered to the outlet port. A huge channel height would be necessary for greater volume flow, resulting in an undesirable bulky wave rotor.
CHARGING ZONE WITH SECONDARY SHOCK WAVE
Considering a secondary shock wave inside the channels increases the pressure gain across the wave rotor and results in a shorter (more compact) wave rotor design with a greater relative gas penetration length. The wave diagram for the charging zone depicted in Fig. 9 shows that with a secondary shock wave and a shorter rotor, the expansion wave arrives after the upper outlet edge, if the tuning condition for the shock wave at lower outlet edge (TC 1) is kept and the inlet width remains unchanged. This also has been mathematically proved by Keller [21] . In this figure W 2′ is the outlet port width for a primary shock wave only from the previous section, before shortening the rotor. Considering a shorter rotor with a secondary shock wave, W 2 is the outlet port width, and W T is the outlet port width at which the tuning condition for the expansion wave at the upper outlet edge is again fulfilled (TC 3). Thus, the actual outlet port width W 2 for the shortened rotor is
After rotor shortening, due to continuity, the velocity of the air leaving through the wider outlet port needs to be reduced, matching the mass flow rate through the rotor. This is achieved by the secondary shock wave reflected from the channel end. In the shown case, due to TC 1, the secondary shock wave originates at lower outlet edge and propagates from the right to the left. Here a favorite case is considered, where the closure of the gas inlet port is timed with the arrival of the secondary shock wave. This is called the tuning condition 2 (TC 2) [20, 26, 27] . This way, all the fluid column in the channel is compressed by the secondary shock allowing more gas to enter the channel. It is highly possible that for a given PR W , TC 3 might not be achieved, but still the restriction W 2′ ≤ W 2 ≤ W T must be satisfied. For a most efficient design W 2 should be equal to W T . Otherwise another reflected shock wave would be generated from the channel end wall to satisfy the wall zeroslip boundary condition. This would lead to further reflected shocks, which is not preferred.
In the following calculations, after the reflection, the secondary shock wave propagates from right to left with velocity w R-air into the part of the channel that contains air flowing with velocity u 2′ from left to right as introduced before in the previous section. The double-compressed air region behind the secondary shock wave leaving the wave rotor is region 2. After crossing the air/gas interface, the velocity of the secondary shock wave increase from w R-air to w R-gas where the later is the velocity of secondary shock wave in the gas region 3. The increase in the velocity is mainly due to the fact that the burned gas has a higher temperature than the compressed air. The double-compressed gas region behind the secondary shock wave is region 3′. The secondary shock wave reduces the speed of the flow leaving the channel from u 2′ to u 2 and causes a further local pressure rise within the channel from p 2′ to p 2 .
Step 1: Π S -local pressure ratio of the primary shock wave
The additional pressure rise can compensate for a greater pressure loss in the flow path from the outlet port 2 through the combustion chamber back to the high pressure inlet port 3. Furthermore, introducing the secondary shock gives an additional degree of freedom (comparing internal pressure balance equations 23 and 12). Thus, this configuration can compensate in a confined range for an arbitrary value of Π comb . So, simultaneously solving equations 9, 10 and 12 with a given Π comb calculates Π S .
Step 2: Π R -local pressure ratio of the secondary shock wave When the secondary shock wave arrives to the upper inlet port, fulfilling TC 2, the entire fluid column consisting of two different fluids, is moving to the right with the pressure and velocity of the outlet air. In Fig. 9 , L s represents the location where the secondary shock wave intersects the air/gas interface.
In order to find the properties of the flow behind the secondary shock wave, reflected shock wave equations are used. Typically they are derived for a closed end, with zero velocity boundary condition behind the reflected shock. The considered case here is different. When the secondary shock reflects from the end of the channel, the outlet port opens and the flow leaves the channel. Therefore, it is necessary to derive the equations for a case when finite flow velocities exist before and after the secondary shock.
By using the normal shock wave equations across the secondary shock wave and the perfect gas relation, the following equality can be obtained, which relates the thermodynamic properties of regions 2′ and 2:
where e is the internal energy of the flow. This equation is known as the Hugoniot equation and is identically to the Hugoniot equation developed for a normal shock moving into a stationary fluid introduced elsewhere. It relates changes of thermodynamic variables across a normal shock, which are physically independent of the flow field velocities. The Hugoniot equation can be used to show that: where Π R = p 2 /p 2′ is the local pressure ratio across the secondary shock wave.
The value of Π R can be obtained through solving the set of equations 20-23 as described in the following. To relate quantities across the secondary shock wave it is convenient to define the reflected shock Mach number in the air region: Using normal shock wave equations across the secondary shock wave leads to:
The exit Mach number M 2 is now calculated differently from equation 3 due to the secondary shock wave. Its new value can be again obtained by using continuity and momentum equations: 
Since u 2′ and a 2′ are functions of Π S , and M R-air and T 2 /T 2′ are functions of Π R , the exit Mach number M 2 relates Π S to Π R . This is again true for the internal pressure balance: 
Therefore, simultaneously solving equations 19-23 calculates Π R for a given PR W and the above determined Π S . Figure 10 indicates the variation of Π S and Π R versus PR W .
Step 3: W 2 /W 3 -lower limit of port width ratio
For an actual design of a wave rotor, the ratio of outlet port to the inlet port width (W 2 /W 3 ) is used to determine the port widths. After calculating Π S and Π R for a given PR W and Π comb , it is possible to obtain an equation for W 2 /W 3 by writing the continuity equation at the inlet and outlet ports and neglecting the small amount of fuel addition. After some algebra and using normal shock results across the primary and secondary shock waves, the following equation can be obtained: where u 2′ , a 2′ , T 2′ /T 3 are functions of Π S . Thus, this equation implicitly relates W 2 /W 3 to Π S and Π R . Figure 11 shows the variation of W 2 /W 3 versus PR W for the case considered before.
The location where the air/gas interface meets the secondary shock wave (L s ) can be found, by equating the time required for the air/gas interface originated from the lower corner of the inlet port to reach the secondary shock wave (L s /u 2′ ) with the time required for the primary shock wave to run through the channel (L/w S ) plus the time for the secondary shock wave to meet the air/gas interface ( (L-L s )/ w R-air ):
L s /L can be obtained through this equation as: Figure 12 shows the variation of L s /L versus PR W for the case considered before.
Step 4: L gas /L -dimensionless gas penetration length Next, the penetration length for the charging zone with secondary shock wave is calculated, equating the time required for the air/gas interface to be overtaken by the expansion wave:
where a 3′ is the speed of sound in the hot gas region 3 after the secondary shock wave passed through it: ( )
where M R is the rotor Mach number defied as M R =V/a 1 . The value of W 3 / M R /L can be obtained by writing TC 2 for the secondary shock wave at the upper corner of the inlet port: The velocity of the secondary shock wave after meeting the air/gas interface can be obtained through:
Therefore L gas /L can be obtained based on equations 26, 30, and 32 as a function of Π S and Π R for a given PR W . Figure 13 shows the variation of L gas /L versus PR W . Comparison between Fig. 8 and 13 shows that shortening the rotor increases the gas penetration length significantly. L gas /L is almost independent of the exhaust gas temperature.
Step 5: W T /W 3 
-upper limit of port width ratio
Finally, the maximum outlet port width W T for which TC 3 is satisfied can be obtained by equating the time required for the primary shock wave to run through the channel (L/w S ) plus the opening time of the outlet port (W T /V) with the opening time of the inlet port (W 3 /V) and the time required for the expansion wave to reach to the end of the channel:
Note that when the expansion wave meets the air/gas interface, its velocity changes from u 2 + a 3′ to u 2 + a 2 . Multiplying both sides of this equation by a 1 and dividing by length L and simplifying gives:
As mentioned above, for any given PR W , W T -W 2 >0 should be a restriction. However, a designer will prefer obtaining a value of W T -W 2 as small as possible to fulfill TC 3. Figure 14 shows the variation of dimensionless values of (W T -W 2 )/ W T versus PR W . Depending on PR W , the expansion wave reaches the right channel end in a different amount of time. The plot shows that with increasing PR W the divergence from TC 3 increases, which is not preferred for a efficient design. Thus, for each case being studied here, there is only one unique value of PR W, , which will totally satisfy TC 3. In a practical design, the rotor may incorporate various cavities (pockets) in the end plates to reduce the sensitivity to a mismatch of the various wave arrival times [21] . These mismatches can be caused by other events such as variation in the engine load.
The following steps summarize the procedure explained above to calculate some useful design parameters that satisfy TC 1 and 2 and evaluate TC 3: The results from above can be used to obtain a rough estimation about the rotor geometry for the given engine. For example, a 2 liter four-stroke engine rated at 4200 rpm ingests an air volume of about 65 liter per second (Q 2 = 0.065 m 3 /s). The cross-section of the outlet port is A 2 = Q 2 /u 2 . Similarly, A 3 = Q 3 /u 3 gives the cross-section of the inlet port with Q 3 the volume flow rate of the burned gas, which is different from the air volume flow rate. Ignoring the small mass added with the fuel, the continuity equation relates Q 2 and Q 3 : 
The cross-section of the outlet port is typically 10% of the frontal area of the rotor [20] , which gives D rotor = 40 A 2 /π . The rotational speed calculates from n = V/π/D rotor , where the tangential speed of the rotor V is a variable to be chosen by the design engineer. The channel width is calculated from W cell = π D rotor /N , where N is the number of channels for a onerow rotor e.g. in the order of 35. For a given rotor Length L, the inlet and outlet port widths are calculated from: Figure 15 shows the relation the between dimensionless channel height H cell /R rotor and the rotor speed n and length L .
SUMMARY
A review of wave rotor applications in vehicle engines and propulsion systems is given. Different existing wave rotor cycles are introduced and it is described how compression and expansion waves are utilized to transfer energy from the gas leaving the combustion chamber to the air entering the combustion chamber. Gas dynamic analysis is performed to study the charging zone of pressure wave superchargers used to enhance the performance of vehicle engines. The onedimensional model predicts the flow characteristics of the flow inside the channels and some useful design parameters like port widths and rotor speed and size. It is shown that the compression ratio of the pressure wave supercharger, linking external thermodynamics to the internal wave cycle, plays a major role in the gas dynamic studies. Only tuned shock waves are considered in this work and off-tuned processes are avoided. The validity of tuning condition for the expansion wave at the channel end wall is discussed. A practical pressure super charger design is more complicated than considered in this work due to existence of off-tune wave phenomena. 
